Abstract. In this paper, the computable general equilibrium (CGE) model has been established to study the impact of carbon emission reduction on the energy consumption structure of China. The simulation results show that carbon emission reduction would lead to the decrease of China's GDP and public welfare and that the total energy consumption can be reduced, but to a lesser degree than coal and oil consumption. In addition, the degree of reduction in relation to rural residents is greater than that for urban residents. Furthermore, the production costs of enterprises will increase and enterprises are prone to adopt the cheaper natural gas and electricity to substitute for partial coal and oil. This study aims to provide insightful information on carbon emission reduction for policymakers in China.
Introduction
In terms of annual energy consumption, coal utilization and carbon dioxide (CO 2 ) emissions, China is currently the world leader. In recent years, climate change within China has brought important changes. China has specifically declared that the target for carbon dioxide emissions per unit of GDP before 2020 must be 40% ~ 45% lower when compared to 2005. Because of its ability to optimize both the industrial structure and the energy consumption structure, the introduction of a carbon tax policy is a powerful method to reduce carbon dioxide emissions [1] . Therefore, China should introduce a suitable carbon tax policy to achieve the target.
A great deal of research has been focused on carbon taxation. Fang et al. [2] developed a dynamic evolution analysis to study the impacts of a carbon tax on energy intensity and economic growth, and found that the larger the carbon tax, the better the energy intensity can be controlled. Meybodi and Behnia [3] analyzed the impact of a carbon tax on the sizing and economics of a combined heat and power system. Alton et al. [4] explored a dynamic economy-wide model to evaluate the effect of a carbon tax on greenhouse gas emissions. A carbon tax of US$30 per ton of CO 2 can realize the current emissions reductions targets for 2025. Since the 1960s, the computable general equilibrium (CGE) model has been widely applied to analyze tax, trade, environmental protection, energy use, income distribution problems, and development strategies [5] . Compared with the above methods, the CGE model not only considers the integrity of the economic system but also has important advantages [6] .
To summarize, the above studies primarily focus on the impact of carbon emission reduction on the macro-economy but ignore the impact of carbon emission reduction on the energy consumption structure and industrial energy consumption in China. Therefore, this paper employed the CGE model to study the impact of carbon reduction on the energy consumption structure of both rural and urban residents and further discusses the impact on energy consumption by various industries. The study may have certain theoretical and practical significance for policymakers.
Methodology

CGE Model
In the early 1960s, Johansen established a multi-sector growth model used to study the economic growth in Norway. This is often considered to be the first practical CGE model. Next, the CGE model was used to perform exogenous shock. In this paper, the CGE mode may reference the normal form of the Lofgren open CGE model [7] . The CGE model can be composed of price equations, quantity equations, income equations, expenditure equations, market clearing conditions, and macroeconomic closure. To build the CGE model of carbon tax, we added a carbon tax module. For the sake of simplicity, only the carbon tax module was included [8] .
When fossil fuels are explored, the carbon tax has been imposed according to the carbon quantity. In addition, we only imposed the carbon tax on the domestic consumption of fossil fuels. This paper assumed the combustion ratio of carbon as a rough constant; we firstly calculate the carbon quantity of fossil fuels as follows. 
m X i j is the fuel consumption of departments (the unit is ton or cubic meter). Eq. (1) provides only the carbon quantity in the production process; however, the carbon quantity in the consumption process was required and was calculated as follows.
where r is resident consumption, () r Cj is the carbon quantity of resident consumption, () r Xj is the quantity of resident consumption. Then, the total carbon quantity of domestic consumption is as follows.
According to the total carbon quantity, we calculate the total carbon of fuel emissions by a conversion factor and an adjustment factor as follows.
where  is the factor of conversion and j  is the adjustment factor. Thus, the total carbon dioxide emission in production and life is as follow.
In the model, the price of fossil fuels equals the producer price plus carbon tax, and the carbon tax for the purchaser depends on the carbon quantity and the carbon tax rate. In particular, the price of fossil fuels for producers is as follows. 
where ( , ) m P i j is the purchaser price of the fossil fuels; 0( ) Pj is the producer price of fossil fuels; and TC is the carbon tax. Then, the carbon tax for fossil fuels that departments utilize is:
mm PTC i j TC C i j 
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The purchaser price of the fossil fuels is:
Similarly, the carbon tax on fossil fuels that consumers use is:
According to Eq. (7) and (9), we can obtain the revenue of total carbon tax as:
Finally, we add the carbon tax into the equation of government revenue and modify GDP in the original model.
Social Accounting Matrix
Prior to the analysis in the CGE, the social accounting matrix (SAM) should be crafted. In this paper, the SAM is based on the input-output table of 2012, which can be merged by agriculture, coal, oil, natural gas, electricity, heavy industry, light industry, chemical industry, service industry, transportation, and construction industry. When compiling the SAM, the data regarding activities, commodities, and import and export resulted from the input-output table of 2013. In addition, government revenue and expenditure, tax revenue, import and export commodity quantity, and the revenue and expenditure of households and enterprises were taken from China's Fiscal Yearbook 2013, China's Tax Yearbook 2013, the Customs Statistics Yearbook 2013, and the China Statistical Yearbook 2013, respectively.
However, the statistical caliber was not exactly identical between publications; thus, some accounts were inevitably not balanced. In view of this, we adopted the minimum cross entropy method to balance the accounts. To balance SAM and solve the model, we used Nonlinear Programming Planning for the CGE model and Mixed Complementarily Programming, respectively.
Parameters of the Model
In the CGE model, parameters can be divided into calibration parameters and exogenous parameters. Calibration parameters (such as tax rate, saving rate, and consumer and government consumption share) were calculated by SAM. Exogenous parameters were estimated by analyzing historical data, such as the elasticity of substitution in the CES function and the elasticity of substitution in the CET function. In this paper, the elasticity value of the CES production function was derived from He et al. [9] , and the elasticity size of CET came from Zhai et al. [10] .
Welfare Evaluation
Many indexes can be used to analyze the impact of public policy on social welfare, among which Hicksian equivalent variation is commonly leveraged to measure the change of resident utility based on the commodity prices before the policy implementation. The expression of the index is as follows.
where EV is the Hicksian equivalent change of resident welfare, XAC is the resident consumption quantity of the i-th commodity before the policy implementation, and s i XAC is the 233 resident consumption quantity of the i-th commodity after policy implementation. When the Hicksian equivalent change is positive, it means that the resident welfare is improved after policy implementation. When the equivalent change is negative, the policy will damage the resident welfare [11] .
Empirical Analysis
This paper established different scenarios to demonstrate the influence of carbon emission reduction on the macro-economy, energy consumption, and public welfare. More specifically, we examined scenarios in which carbon emissions are reduced by 10%, 20%, 30%, 40%, and 50%.
The Impact of Carbon Emission Reduction on the Macro-economy
This paper selects the GDP, total output, enterprise income, household income, government revenue, the import and export value, and carbon tax as the primary macroeconomic indicators. As illustrated in Table 1 , if other conditions remain unchanged, the greater the degree of reduction, the greater the need to levy a carbon tax. With the improvement of the carbon reduction goal, the GDP loss increases from 0.65% to 3.86%, and enterprise income, household income and total import and export exhibit a declining trend. This result suggests that carbon emission reduction will result in negative influences on the national economy. The main reason is that the carbon reduction leads to decreases in most departmental output and factor income. In addition, the change in relative product prices leads to a decrease in imports and exports. Although the total investment increases, it fails to offset the negative effect caused by the former. Therefore, the GDP will decline after carbon emission reduction. The Impact of Carbon Emission Reduction on Resident Welfare
As shown in Table 2 , according to the change in the Hicksian equivalent index, carbon emission reduction will cause a deterioration of resident welfare. Carbon reduction leads to increases in most product prices, and enterprises will transfer the carbon tax to customers. As a result, both residential and disposable income will decrease, directly causing heavy financial losses to the overall population. However, carbon emission reduction can improve national environmental quality and augment income. If the carbon tax revenues can be used as special funds, providing subsidies for low-and middle-income families, the problems caused by comprehensive carbon emission reduction can be, to some extent, offset. Hence, when the government carries out related tax policy, it should avoid the reduction of overall social welfare. To achieve the aim of compensating the public interest, the carbon tax revenues should be used to facilitate investment, such as supplying funding to support environmental protection. Furthermore, the government can also reduce other types of taxation on enterprises, which can limit the total costs of enterprises and avoid enterprises transferring the tax to consumers via increased prices. To summarize, if the government intends to levy a carbon tax, it must improve the tax system to narrow the income gap.
The Impact of Carbon Emission Reduction on Industrial Energy Consumption
The impact of carbon emission reduction on the national economy is not large, due to the alternative relationship in the economy and the adjustment cost. The alternative relationship, which can be clearly confirmed by the CGE model, means that the decrease in energy production cannot result in a similar decline in GDP. The CGE model assumed that the changes in economic structure and consumption structure have no adjustment cost, but this assumption is not realistic. Considering the adjustment costs, the government should reduce other taxes to avoid a large impact of carbon taxation on the national economy.
Industries may have different demands for different forms of energy as a result of carbon emission reduction. There are two factors that decide the energy demand. One is the ratio of energy synthetic price and energy price (including carbon tax), and the other is the demand of the production department for fossil fuel energy. When the demand for fossil fuel energy is unchanged, an increase in the ratio may lead to an increase in some energy inputs, while other energy inputs may be correspondingly reduced. In contrast, when the ratio is fixed, if the demand for fossil fuel energy increases, it will lead to an increase in energy inputs.
(1)The impact of carbon emission reduction on electricity consumption It can be seen from Table 3 , carbon emission reduction will reduce the electricity consumption of the coal, oil, and transportation industries. For the coal industry, when the emission reduction rate is 20%, the electricity consumption will reduce by 13.82%; when it reaches 50%, the electricity consumption will reduce by 28.72%. Followed by the oil industry, when the rate reaches 50%, its electricity consumption will reduce by 7.92%. The effect of carbon emission reduction on the electricity consumption of the transportation industry is slight, i.e., the electricity consumption only reduces by 2.27% at the emission reduction rate of 50%. Influenced by carbon reduction, the electricity demand of agriculture, the natural gas industry, the power industry, heavy industry, light industry, the chemical industry, the construction industry, and other services will increase. Among these, the most sensitive industry is the electricity industry, followed by heavy industry, light industry, the service industry, the gas industry, agriculture, and the construction industry. When the emission reduction reaches 20%, the electricity demand of the electric industry will rise by 10.08%, whereas that of other industries will also rise by more than 3.13%. Meanwhile, the synthetic energy demand of agriculture, heavy industry, light industry, the chemical industry, the construction industry and other services will be reduced, and the ratio of the energy synthetic price and electricity price will rise. The declining demand for fossil energy is less than the degree of increase in the ratio, so that the electricity demand of these industries finally increases. Thus, the synthetic energy demand and the ratios of the natural gas industry and electric industry both increase, which finally leads to an increase in electricity demand. Moreover, the synthetic energy demand of the coal, oil and transportation industries still drops, while the ratio is still rising. However, the former effect for reducing electricity consumption is greater than the latter, which eventually reduces electricity consumption.
(2)The impact of carbon emission reduction on coal consumption
As illustrated in Table 4 , the demand for coal in various industries has been greatly reduced. When the emission reduction rate reaches 30%, the coal demand of 11 industries reduces by more than 24%; when it reaches 40%, the demand reduces by more than 30%. Furthermore, for the coal and oil industries, when the emission reduction rate reaches 40%, the coal demand reduces by more than 55%. Overall, in addition to the natural gas industry, the synthetic energy demand of the other 10 industries is reduced, and the ratio also declines, along with a decline in demand for coal. For the natural gas industry, although the demand for fossil energy increases, the decrease in the ratio is very large. Therefore, it can result in a decline in the demand for coal from industries. (3)The impact of carbon emission reduction on oil consumption As illustrated in Table 5 , the oil demand of most industries has been greatly reduced. When carbon emission is reduced by 20% and 40%, the oil demand of the coal and oil industries drops by 17.21% and 30.01%, respectively. The fossil fuel energy demand of the natural gas industry has been rising, whereas the ratio of the synthetic energy price and oil price, including carbon tax, has been declining. The rising effect of energy demand is less than the declining effect of the ratio, and thus the oil demand of the industry declines. For the electricity industry, the ratio has been increasing, while the fossil fuel energy demand has been declining. However, the rise in the former is greater than the decline in the latter, and thus, the oil input has been increasing in the natural gas and oil industries. (4)The impact of carbon emission reduction on natural gas consumption It can be seen from Table 6 , in addition to the agriculture, coal mining and construction industries, the demand of the remaining eight industries for natural gas increases. When carbon emissions are reduced by 40%, the demand of the electric power industry for natural gas increases by nearly 21%, followed by the natural gas industry, whose demand for natural gas increases by approximately 8.62%. Aside from the agriculture and construction industries, the natural gas demand of the remaining nine industries significantly increases, with an increase of more than 5%. For the industries with natural gas input, the ratio of the energy synthetic price and natural gas price including the carbon tax increases, and the synthetic energy demand also exhibits an increasing trend. Thus, the natural gas input will increase, while the coal demand will decline. The declining use of natural gas caused by the drop in fossil fuel energy demand is greater than the increase in natural gas use associated with the rising ratio. As such, the natural gas demand of these industries ultimately declines. For other industries, the impact of the rising ratio is greater than that of the decreasing fossil fuel energy demand, so that natural gas demand exhibits an increasing trend.
Conclusions
Based on the above analysis, carbon emission reduction would lead to the decrease of Chinese GDP and public welfare. Furthermore, the total energy consumption can be reduced; however, the degree of the reduction would be less than that achieved for coal and oil. From the perspective of residents, the consumption of coal and oil can be significantly reduced, and the degree of reduction for rural residents is greater than that for urban residents. Furthermore, when other conditions remain unchanged, a high carbon emission reduction rate often requires a heavy carbon tax, which can lead to increases in the cost of production and in living costs. For three major industries, the impact on industry is the most significant, followed by the impacts on agriculture and the service industry, which is consistent with the order of their carbon intensities. A carbon tax will cause Chinese GDP and resident welfare to decline, but it has obvious effect on reducing fossil energy consumption.
Carbon emission reduction can adjust energy consumption structure. Due to the implementation of carbon taxation, the production costs of enterprises and the cost of living of residents both increase. As a response, residents can significantly reduce the consumption of coal and oil, and enterprises also can adopt natural gas and electricity as a substitute for partial coal and oil. Thus, coal and oil consumption will decrease, while the electricity and natural gas consumption will
